Abstract-This paper focus on an enhanced Raman-based detection probe and its performance evaluated. The probe employs a hollow-core fiber design to allow liquid micro-sample to be analyzed. The hollow-core fiber is used both to transmit the light signal used to excite the sample and to collect the Raman scattering signal received from the micro-sample under analysis. In order to maximize the performance of the system, various parameters have been studied experimentally, including the diameter and the height of the liquid sample in the probe. The aim has been optimizing both as a means to enhance the Raman scattering signal received from the liquid sample. As a result, a Raman-based detection probe using a reflector approach was developed and evaluated. This design enabling a greater area for interaction with the sample to be formed and to concentrate the excitation light into it. This then increases the efficiency of the light-liquid interaction and improves the collection efficiently of the forward Raman scattering light signal. With the use of this design, the detected Raman scattering signal was increased by a factor of 10 3 ∼ 10 4 over what otherwise would be achieved. A key feature is that with the use of a hollow-core fiber to collect the liquid sample, only a very small volume is needed, making this well suited to practical applications where limited amounts of material are available, e.g., biofluids or high value liquids. The system designed and evaluated thus provides the basis of an effective all-fiber Raman-based detection system, capable of being incorporated into portable analysis equipment for rapid detection and in-the-field use.
Enhanced Raman Detection System Based on a Hollow-Core Fiber Probe Design demonstrating only a small fraction of the Rayleigh scattering light intensity, applications are limited to situations where light intensities are high, samples are large and sensitive detection is used. In order to improve the signal intensity in Raman spectroscopy, enhancement techniques such as Surface Enhanced Raman Spectroscopy (SERS), Resonance Raman Spectroscopy (RRS), and Raman microscopy have been developed and are widely used [3] [4] [5] . In recent years, optical fiber-based techniques have been employed with Raman spectroscopy as probes then can be made very small, and potentially only a smaller volume of sample only is needed. This makes on-line detection methods much easier to use, especially for in-the-field measurements and when sample sizes are limited [6] , [7] . Therefore, combining advanced Raman enhancement technology and specialty fiber or using speciallydesigned enhancement structures for fiber-optic-based trace samples detection has the potential to allow more compact and versatile instruments to be designed [8] . Amongst the specialty fibers available, hollow-core fiber (HF), which is an optical waveguide with its central core filled with air, has significant potential. The design of the probe can be such that when a hollow-core fiber is used, the liquid sample under analysis can be sucked into the core itself, allowing the fiber to be both light guide and liquid micro-cuvette. At the same time, the excitation light guided by the hollow-core will experience multiple reflections within the liquid micro-sample in the core which therefore will increase the effective length of the excitation light-sample interaction. This additionally enhances the intensity of the excited Raman scatter light signal created and guided by the fiber, thereby increasing the intensity of the spontaneous Raman spectrum that can be detected. Li et al. [9] , in work carried out in the 1990s, used a liquid core optical fiber to develop a new experimental method for trace sample analysis, thereby taking advantage of the small liquid volumes that could be used. With such an approach, the intensity of the Raman spectra intensity was enhanced by 10 3 . However, the method reported was relative complex to implement for actual sample measurement applications. Yang et al. [10] reported the first quantitative Raman detection of glucose in the physiological concentration range (0-25 mM) with a low laser power (2 mW), and an extremely small sampling volume (∼50 nL) using a liquid-filled photonic crystal fiber (PCF) probe. However, the absorption and the propagation loss of PCF was large, but he pointed out the PCF probe can be integrated with SERS techniques to further improve the sensitivity. In 2016, Guo [11] reported a study 1558-1748 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. of a gas detection method based on hollow fiber enhanced Raman spectroscopy where, using a hollow-core capillary silver-coated on the inner wall, the signal intensity received was enhanced by more than 60 times, and the signal-to-noise ratio by about 6 times. In 2017, Fan [12] used two kinds of hollow-core fiber to develop an on-line Raman detection system, in work which reported mainly on how best to couple the hollow fiber to conventional fiber in such a practical Raman measurement system. This paper builds on that previously reported research to demonstrate an innovative probe design and show its performance for micro-sample analysis.
II. KEY UNDERPINNING PRINCIPLES

A. Raman Scattering -Key Principles
Whilst the principles of Raman spectroscopy are well known, the key issues underpinning the design of the system used in this work are summarized below. Raman spectroscopy is commonly used to provide a structural fingerprint by which molecules can be identified through an inelastic light scattering process, shown schematically as in Figure 1 . If the energy of the final state is higher than that of the initial state, the scattered photon will be shifted to a lower frequency (lower energy)-the Stokes shift. If the energy at the final state is lower, the scattered photon will be shifted to a higher frequency-the anti-Stokes shift [13] [14] [15] [16] .
B. Light Transmission Mechanism of Hollow-Core Fiber
The principle of light transmission in a hollow-core, air filled fiber is governed by Fresnel's law, as illustrated in Figure 2 . This hollow core also serves as the cavity in which the sample to be analyzed is placed. Incident light is refracted at the wall of the quartz fiber and the refracted light further undergoes total internal reflection at the silicone rubber cladding, as shown in Figure 3 . This process will be affected by the sample to be studied being inserted in the fiber hollow core, as discussed later in the paper [17] .
With reference to the schematic of the light transmission shown in Figure 3 , a simple model of the operation of the hollow-core fiber can be used, taking into account the angle of incidence of the light and the energy distribution. The optical path 'AB' is the same as 'CD', which is given by d sin θ2 , where 'BC' is 2T sin θ . Therefore, the effective optical path of the sample cavity in the hollow-core fiber K can be given by:
Under the conditions where the angle between the incident light and the central axis is θ , the core diameter of the air core layer is T, and the thickness of the quartz layer is d, the refractive index in the sample cavity is n 1 , and the refractive index of the quartz fiber layer is n 2 .
According to the Beer-Lambert law:
sin θ = cos θ 1
Combining the above equations gives:
Therefore the effective optical efficiency, K, of hollow fiber can be related to key parameters which are the incident angle θ , n 1 and n 2 .
III. RAMAN SIGNAL DETECTION SYSTEM
The Raman system developed consists of a laser, a marine optical Raman spectrometer, a Raman light-dividing device created using a hollow-core fiber, an optical mount and a fiber coupling sleeve. The specifications of the Raman spectrometer set up used are as shown in Table 1 : Figure 4 shows a schematic of the Raman Signal Detection System used in this work, illustrating the hollow-core fiber sensor itself as well as the laser, the spectrograph and the lenses and filters used to create the overall detection system. 
IV. TEST RESULTS AND ANALYSIS
A. Effect of Fiber Core Diameter on Excitation Light Output Power
In order to determine the effect of the fiber core diameter on the excitation light, three significantly different diameters of hollow-core fiber of 128μm, 210μm and 700μm respectively (as noted in Table 1 ) were used with a hollow-core fiber of length 0.5m.
In the test setup (a photograph of which is seen in Figure 5 ), the hollow-core fiber is placed in a black box and clipped vertically at the middle position of the adjustment frame, following which the fiber ends were cut and flattened. As can be seen from Figure 4 , the input end of the hollow-core fiber is connected to the focusing mirror of the Raman light-dividing device, where the focal spot size of the Raman light-dividing device is 158μm, and the lens focal length is 7.5mm. The output end of the hollow-core is connected to an optical power meter and the laser source is adjusted, using different output optical powers-then the coupled optical power is measured at the output end with the use of a commercial optical power meter. Figure 6 shows the measured output optical power (at different input optical powers) with three different hollowcore fibers (as noted in Table 1 ). It can be seen that the 128μm fiber shows the maximum output light power because as the laser spot size is larger than the 128μm fiber air core diameter, the incident angle of the light is larger than the total internal reflection angle θ of the fiber. As result, a portion of the light beam is transmitted through the fiber wall, and the transmission loss of the light is reduced. The result seen from the 700μm hollow core shows that all input light power is lost through the fiber, regardless the intensity of the input power.
B. Influence of Siphon Sample Time for Liquid in the Hollow Core
In the experiment carried out, a sample of cyclohexane, (regularly used as a standard test sample for Raman detection), was used to optimize the key parameters and determine the best conditions for practical Raman spectroscopy with this set up and the hollow-core fiber probe described.
The setup used firstly to measure the sample penetration into the fiber-the sample 'depth'-is shown in Figure 7 . The hollow-core fiber is normally inserted into the liquid sample, and the liquid is gradually sucked into the hollow core through siphon action. The liquid height thus achieved is L 1 , this consisting of h 1 and h 2 , (where h 1 is the siphon height in the bare hollow fiber outside the fiber sleeve and h 2 is the siphon height within the fiber sleeve-thus the total siphon height,
With the use of this setup, the Raman Scattering light signal from the sample can be measured, noting any changes with time-that is, the change in the intensity of Raman characteristic peak produced by L 1 height over time. The liquid is gradually sucked into the hollow core through the siphon action, this changing with time. By measuring the intensity variation of the received signal at the known Raman characteristic wavelengths of 799nm and 802nm for the cyclohexane sample used, the relationship between these two parameters can be obtained, as shown in Figure 8 .
From Figure 8 , it can be seen that within the first 20 seconds, the intensities of the Raman characteristic lines at the two wavelengths noted increase as a function of time. After 20 seconds, the intensity essentially stabilizes. However, during the first 10 seconds, the height of the liquid in the hollow fiber rises and hence the volume of the sample increases as well, with consequent increase in the Raman scattering light signal. Beyond 20 seconds, the siphon effect saturates and the height of the liquid in the fiber does not change over time, resulting in a stable Raman signal intensity.
C. Influence of the Sample Depth Outside the Hollow-Core Fiber
An experiment was carried out to determine the influence of the sample depth outside the hollow-core fiber. In order to eliminate the effect induced by the sample within the hollow fiber, for each measurement the fiber was inserted into the sample liquid for at least 20 seconds to ensure that the siphon in the hollow-core fiber is complete and the same liquid height level was achieved. Then, for each sample depth outside hollow-core fiber, L 2 , the Raman spectral intensity was measured, as shown in Figures 9 and 10 .
From Figures 9 and 10 , it can be seen that when the sample depth outside the hollow-core fiber, L 2 , increases from 0 to 15mm, the Raman signal intensity increases with the depth of the liquid L 2 , while it saturates beyond that (as can be seen for L 2 changing from 15 to 30 mm). Thus it is not only the sample within the hollow-core fiber that contributes to the Raman scattering intensity, but also the same liquid that is outside and at the tip of the hollow-core fiber, within the range of values of L 2 that can contribute the scattering intensity. Raman signals can be expressed under certain conditions [18] by Under the conditions where the Raman intensity is I, the Raman Scattering Cross Section is K, the laser incident power on sample surface is ∅ 0 , the sample concentration is C, the absorption coefficient of incident light is k 0 , the absorption coefficient of scattered light is given by k. Further, the distance between the incident light and scattered light paths is z and the transmission coefficient of the optical system is h(z). Here the width of sample pool is given by b.
It can be seen from Equation (5) that under the same sample and test conditions, the Raman scattering cross section and the incident laser power etc. are constant, so the Raman intensity is related to the distance between the incident light and the scattered light paths. Due to the siphon effect, the height of the sample in the hollow fiber is given by a variable L 1 and the sample depth outside the hollow-core fiber is given by L 2 . When the value of L 1 is unchanged, it can be seen from Equation (5) that the Raman intensity is the integral of L 2 in the range of 0 ∼ b and saturation occurs at b = 15mm.
D. Design of the Enhanced Raman Probe
Based on the results described above, it was clear that a greater sensitivity from the probe design was desirable and so a new design of an enhanced Raman sensor probe using the hollow-core fiber to measure the liquid samples was developed. The structure of the probe is shown in Figure 11 , where the hollow fiber was inserted into a fiber sleeve, at the end of which is a metal reflector, with a fixed base. For this probe to be used to make similar measurements on a liquid sample, the hollow-core fiber is inserted into the sample and, waiting for 20 seconds or more ensures the sample fully fills the inside of the hollow fiber. Then the hollow fiber is inserted into the fiber sleeve, the metal reflector is then attached to the end of the fiber sleeve and attached to the fixed base. The signal is enhanced in this case where the forward Raman scattering light is reflected and collected together with the backward Raman scattering light, thereby increasing the Raman scatter signal.
In Figure 12 , curves (a) to (d) shows the results of a series of measurements made with the enhanced probe shown in Figure 11 . Curve (a) shows the results obtained with the use of the sample and reflector, whilst curve (b) shows the Fig. 12 .
Results of the enhanced reflection tests carried out using the hollow-core fiber optic probe. Curve (a) is the Raman intensity with the use of the sample and reflector, Curve (b) is the Raman intensity with the use of the reflector only, Curve (c) is the Raman intensity measured without either the sample and the reflector, and Curve (d) is the Raman intensity with the use of the sample but no reflector. Red ellipses on Figure (a) show the major peaks in the spectrum. data obtained with the use of the reflector only. Comparing the spectral intensity at the Raman characteristic peaks (highlighted by the red circles on the figure) with those at the non-Raman peaks, it can be seen that the Raman characteristic peaks are considerably enhanced in the first case, Curve (a). Further, curve (c) shows results obtained on measurements made without both the sample and the reflector, and hence only background light from the hollow fiber can be seen. Finally, curve (d) shows data obtained with use of the sample but no reflector and in this case the Raman characteristic spectrum detected from the sample is very weak. Taking these results together, it can be concluded that the intensity of the Raman characteristic peak of the sample, for example that at 800 cm −1 and measured using the probe, is at least 10 3 times greater than that without use of the reflector.
Looking more closely at the data obtained and shown in Figures 12, curves (a) and (b) , the background noise can be removed by subtracting the data which were obtained with the use of the reflector but without the sample and then subtracting the background baseline, allowing in that way the enhanced Raman spectrum of cyclohexane to be obtained. The result of this is shown in Figure 13 , from which the enhanced Raman spectrum, and in particular the characteristic peak at a wavelength shift of 800 cm −1 can be seen clearly.
This result shows that the enhanced probe design can be seen to significantly enhance the Raman scattered intensity. This arises because the hollow-core fiber is used as the sample cavity itself, and the combination of the hollow core structure and its excellent light guiding performance increases the area of interaction between the exciting light and sample. With the use of the reflector at the end of the fiber, it reflect the forward Raman scattering light back to the detector. As a result, this probe combines the advantages of the hollow-core fiber of small size, a small volume of sample used, ease of operation and thus simplicity for in-situ detection.
V. CONCLUSIONS
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